between DNA sequence and the protein factors that mediate DNA methylation.
A model for DNA methylation at Rasgrf1. 2 7 3 Despite the fundamental roles that DNA and histone modification states have for 2 7 4 genome regulation, there have been only a handful of sequence elements identified that 2 7 5 exert cis-acting control over these modification states [16] [17] [18] [19] [20] [21] . We previously identified 2 7 6 one such element at the Rasgrf1 locus: It is a series of tandem repeats found 30 kb 2 7 7 upstream of the imprinted Rasgrf1 coding sequence, and lying immediately adjacent to 2 7 8 the DMR, that are required both in the male germline for establishment of imprinted 2 7 9 methylation at the DMR in sperm [21] , and also in the pre-implantation embryo for 2 8 0 maintenance of imprinted methylation in somatic lineages [23] . In addition to serving 2 8 1 these functions, the repeats serve as a promoter for expression of the pitRNA in the 2 8 2 male germline that spans the DMR, and which is processed into piRNAs. The distinct 2 8 3 effects of lncRNAs, and the cis-elements that regulate them, have proven difficult to 13 while keeping the cis element intact [49, 50, 51, 52] . To assess the activity of the pitRNA 2 8 6 separately from the repeats, we uncoupled the two by replacing the repeats with an 2 8 7 artificial promoter based on TetO sequences (tm5.1), which regulated the pitRNA to 2 8 8 physiologic levels in the developing male germline using the TetON and TetOFF 2 8 9 transactivators. Of nine male embryos with this pitRNA regulation analyzed, only one 2 9 0 displayed partial gonocyte and somatic methylation of tm5.1. This frequency is 2 9 1 consistent with the frequency of DMR methylation observed in mouse models lacking the 2 9 2 repeats [23, 41] . Properly regulated pitRNA expression from the tm5.1 allele also failed 2 9 3 to enable methylation in mature sperm, or in somatic DNA of progeny inheriting the 2 9 4 tm5.1 allele from their fathers. We therefore conclude that the pitRNA is insufficient to 2 9 5 impart DNA methylation in cis and that Rasgrf1 methylation requires critical functions in 2 9 6 the repeats, separate from pitRNA expression (Fig 6) . 2 9 7 Our findings that pitRNA expression is insufficient to control imprinted DMR and repeats were exported to an ectopic site at the Wnt1 locus. Paternal in sperm DNA at only 30% of the levels found at the Rasgrf1 DMR. One interpretation of the present study, combined with the findings from the Wnt1 3 0 5 study is that the pitRNA is irrelevant to Rasgrf1 methylation: that instead, the repeats are both necessary and sufficient for this function, and the transcription of the pitRNA is an other data from our lab support a role for the pitRNA [24] , likely by influencing the 3 0 9 efficiency and/or timing of Rasgrf1 methylation in a probabilistic way rather than in a 3 1 0 deterministic way. This characterization is similar to the Xite element at the X- chromosome undergoes X chromosome inactivation [54] . The probabilistic model for 3 1 3 pitRNA function is also consistent with our findings that mice deficient for piRNA binding 3 1 4 proteins MILI and MIWI2, as well as the piRNA biogenesis factor MitoPLD, have 3 1 5 diminished methylation at the Rasgrf1 DMR, though methylation is not completely lost 3 1 6 [24] . Unless the piRNA factors are exerting their effects through the Rasgrf1 repeats, 3 1 7 and not through the pitRNA they in fact target for piRNA processing, the pitRNA is very 3 1 8 likely to contribute to DMR methylation, despite not being absolutely required. We also utilized the tm5.1 allele to query whether previously observed
intergenerational effects could be due to oocyte preloading of the pitRNA. Others have
reported that gametic loading of RNAs could impart such effects to the next generation 3 2 2 [35, 36] . We achieved oocyte pitRNA levels up to 90-fold greater than wild-type by 3 2 3 intraperitoneal doxycycline administration, however, this produced no effects on imprinted Rasgrf1 expression or methylation in the wild-type offspring of females 3 2 5 subjected to oocyte preloading of pitRNA. The repeats have several features that might enable their control of local 3 2 7 methylation states, separate from their control of pitRNA expression. Besides being 3 2 8 highly repetitive, the GC-richness of the repeats might be sufficient to recruit methylation 3 2 9 [55, 56] which then spreads into the DMR. This is seen at H19 where somatic 3 3 0 methylation on the paternal arises adjacent to the germline DMR [57] , and occurs when CTCF is unbound to the germline DMR [58, 59, 60, 61, 20) . Within the repeats are two canonical binding sites for the transcription factor Sp1, which besides its known role in the regulation of gene expression [62] , can mediate chromatin structure through the recruitment of chromatin remodeling factors [63, 64] and mediating enhancer-promoter 3 3 5 interactions [65, 66] . Sp1 is known to bind the secondary DNA structure G-quadruplexes 3 3 6 (G4s) [67, 68] , which the Rasgrf1 repeats are predicted to form, as well as its canonical sequence. Recently, a G4 was characterized at the imprinted H19 locus. Binding of Sp1, 3 3 8 in conjunction with the G4, suppressed H19 transcription [69] . To our knowledge, G-
quadruplex formation at other imprinted loci beyond H19 has not been investigated.
However, differential G4 formation in the maternal and paternal germlines could be a 3 4 1 platform upon which the distinct chromatin states observed at the maternal and paternal 3 4 2 DMRs are built. Our lab previously showed that, at the Rasgrf1 DMR, H3K27Me and DNA 3 4 4 methylation are mutually antagonistic, whereby the presence of one mark blocks the 3 4 5 deposition of the other [22] . Placement of H3K27me3 requires YY1 and PRC2, which, in
Drosophila [70] and likely in mammals [71] , can be recruited to Sp1 sites. It is possible in Operator, were digested with NheI, and linearized pDHT2 was ligated to the TetO manufacturer's protocol. Cells were allowed to recover overnight, then treated for 10 Recombination was confirmed by Sanger sequencing of PDS 2262-3 PCR products,
which spans the neo resistance cassette and frt sites. Generation of TetOFF mice: To produce mice that constitutively express the tet with PDS 2794-5, followed by Sanger sequencing. PDS 2794-5 sequences were Induction of pitRNA expression was validated in adult and neonatal tissues using PDS primer pair specific for pitRNA produced from the tm5.1 allele.
Allele-specific analysis of Rasgrf1 expression: Neonatal brains were homogenized using a Biospec Mini-Bead Beater-8 using 1 3mm steel bead in XXTuff protocol (Thermo Fisher Scientific 15596018). RNA was DNAse treated, random primed,
and reverse transcribed using Promega RQ1 DNAse and RQ RTase (Promega M6101 with PDS 245-6 (95ºC 2min, 40 cycles of 95ºC 30s, 60ºC 30s, 72ºC 30s, 72ºCC 7min specific expression was performed on trimmed samples with the grep and wc functions. Grep sequences are listed in Table S4 . MGI SNP IDs and flanking sequences are listed 4 5 7 in Table S5 . annealing temperature 60ºC for forty cycles followed by a dissociation stage. The PDS 2178-9 for Ankrd34c expression. Heat maps were generated in R [81] . 4 6 5 Gonocyte collection: Females were checked for plugs, weighed to confirm 4 6 6 pregnancy, and sacrificed at gestational day 16.5. Gonocytes from male embryos were 4 6 7 collected as in Watanabe et al, 2011 [24] with some modifications. Briefly, embryonic 4 6 8 testes were collected and incubated in 50 uL 0.25% trypsin for 10 minutes. Samples were then triturated and visually inspected for tissue disaggregation. Incubation and
trituration were repeated up to two times until full disaggregation was achieved; any cells were harvested, pelleted at 300 x g for 8 minutes, then processed for RNA and
DNA. We validated the purity of gonocytes by bisulfite sequencing of Igf2r, which is 4 7 5 expected to be extensively hypomethylated in the male germline [Error! Bookmark not 4 7 6 defined.]. 4 7 7 Oocyte collection: 28 to 42 day old females were superovulated with 5 IU human chorionic gonadotropin (Millipore 367222) followed by pregnant mare serum Genomic DNA extraction from tails and cells: All DNA was collected via 4 8 3 overnight incubation at 55ºC in Laird's Lysis Buffer [83] and 20 ug/mL Proteinase K followed by isopropanol precipitation and resuspension in TE. Scant gDNA samples, of 5U of BstUI and digestion at 60ºC for 1 hour, followed by electrophoresis on a 4% 5 0 7
agarose gel. In this assay, digestion products arise from methylated DNA; unmethylated
DNA resists digestion.
0 9
Targeted sequencing analysis: PCR products were pooled, column cleaned DNA Ligase in Quick Ligase Buffer in a total volume of 22 uL at 25 C for 15 minutes.
Self-ligated adaptors (adaptor dimer) was excluded with a 0.8X (2.55 uL) Agencourt
AMPure XP bead cleanup (Beckman Coulter A63880) followed by 1X PEG-NACl buffer
Products were sequenced to a minimum of 15 reads per animal from at least two were applied for c and d), but were applied for e and f). *, p < 0.05; **, p < 0.01; ***, p < chr9:89,60,000-90,100,000 are shown, displayed left to right as they are located 5' to 3'. when tm5.1 is transactivated and inherited maternally. All expression data are relative to 6 2 4 Rpl32. Color Key at lower right. *, p < 0.05; **, p < 0.01; ***, p < 10 depicted. a) At the wildtype Rasgrf1 DMR, the Rasgrf1 repeats (yellow triangles) drive 6 2 8 expression of the pitRNA antisense to the DMR (transcription depicted by green arrow) 6 2 9 and increase the likelihood that the DMR is hypermethylated (filled lollipops), likely by strong upregulation of Rasgrf1 but the tm5.1 DMR remains hypomethylated. Outset:
TetOFF-mediated transactivation of tm5.1 affects nearby transcription differentially
depending on parental inheritance (blue and pink lines). Upregulated and downregulated 6 4 0 genes are depicted by red and blue boxes respectively; unchanged genes are depicted binding is indicated by the orange half circle. (a, upper schematic) was generated via CRISPR-Cas9-
mediated homology-directed repair in v6.5 embryonic stem cells. Targeting was 6 4 7 confirmed by Sanger sequencing of PCR products generated with primers PDS 2359-8
and PDS 2344-2263, which respectively span the junctions of the 5' and 3' homologous 6 4 9 arms of the pETC6 vector (grey boxes), and the flanking sequences of the sequence, and the product contains the single residual frt site (orange triangle) 6 5 7 remaining after recombination. PCR products shown below the amplicon schematics 6 5 8 arise only when using DNAs from mutant animals. b) Schematic for Southern blot shown 6 5 9 in c); probe location, shown with pink line, is outside of the targeting vector; location of homozygote (tm1); in these animals, the probe detects the same 3kb allele: tm5.1 heterozygotes have half the copy number of the repeat element as WT 6 6 5 animals, but the same number of DMR sequences. Error bars represent standard error 6 6 6 across biological duplicates. as assayed by endpoint PCR, but levels were only 2% those seen in wild-type (WT) levels of methylation shown in the key on the right. COBRA queries methylation at five
BstUI sites in both the WT and the tm5.1 DMRs. "+" and "-" denote addition or lack of 7 0 1
BstUI. Methylated (+mC) and unmethylated -mC) sites are respectively sensitive or included in paper. 
